Mollusc shell is built-up by secretion from the mantle and is the result of a controlled biological process termed biomineralisation. In general mollusc shells are well characterised however, the molecular mechanisms used by molluscs to produce shell remain largely unknown. One tractable method to study molecular biomineralisation mechanisms are shell damage-repair experiments, which stimulate calcification pathways. The present study used the Antarctic clam (Laternula elliptica) as a model to better understand when and where molecular biomineralisation events occur in the mantle. Two approaches were used: one experiment used highthroughput RNA-sequencing to study molecular damage-repair responses over a 2 month time series, and a second experiment used targeted semi-quantitative PCR to investigate the spatial location of molecular mechanisms in response to damage. Shell repair in L. elliptica was slow, lasting at least 2 months, and expression results revealed different biological processes were important at varying time scales during repair. A spatial pattern in relation to a single drilled hole was revealed for some, but not all, candidate genes suggesting the mantle may be functionally zoned and can respond to damage both locally and ubiquitously across the mantle. Valuable data on the temporal and spatial response of shell damage-repair provide a baseline not only for future studies in L. elliptica, but also other molluscs.
Introduction
The Mollusca is a diverse, speciose and successful phylum made up of an estimated 85,000 extant species (Appeltans et al., 2012; Lydeard et al., 2004) . Molluscs are essential in worldwide ecosystem functioning, as well as representing an increasing food supply for the growing human population. The success of the molluscan phylum is often attributed to the possession of a shell (Marie et al., 2013; Vermeij, 2005) . Shells are multifunctional structures; they provide critical protection to the softbodied animal within, support for internal anatomy, and a means by which the animal can seal itself off from the environment (Wilbur and Saleuddin, 1983) . Currently there is interest in the structure of shells and their manufacture from diverse fields of science. Environmental biologists are concerned about the ecological fate of calcified structures as the oceans become more acidic. There is therefore, a requirement to understand the calcification pathway in order to inform predictions on how ecosystems might alter with climate change (Gazeau et al., 2013) . Material scientists are also interested in biomineralisation for multiple reasons. The high strength of shell, compared to other composite materials, makes it an attractive solution to meet the demand for low-energy, solid materials formed from abundant soluble calcium carbonate (Meldrum, 2003) . In addition, understanding biomineralisation introduces the prospect of engineering products such as mother of pearl and pearls without the need for a live animal (Arnaud-Haond et al., 2007) .
The molluscan shell is laid down by the mantle and is the result of a controlled biological process (termed biomineralisation). Shells typically contain 95-99% calcium carbonate (CaCO 3 ) and 1-5% organic matrix. In general molluscan shells are well characterised in terms of morphology and microstructure (de Paula and Silveira, 2009; Weiner and Addadi, 2011) however, further study is required to understand the precise molecular processes used to produce shell from soluble calcium carbonate. Early work showed that proteins are secreted into a matrix structure which applies antagonistic forces to either nucleate or inhibit crystal growth (Meenakshi et al., 1971; Weiner and Hood, 1975) . There is also an increasing body of work identifying proteins in shell matrices (Joubert et al., 2010; Marie et al., 2012; Miyamoto et al., 2005) and genes in mantle tissues, which may be involved in biomineralisation (Clark et al., 2010; Freer et al., 2014; Niu et al., 2013; Shi et al., 2013) . Normal shell growth is a costly metabolic process (Palmer, 1992) ; shell production is a background process with gene (and protein) expression levels in the mantle likely to be low in abundance and therefore difficult to detect. One tractable method to highlight biomineralisation molecular mechanisms are shell damagerepair experiments that stimulate calcification pathways (Clark et al., Marine Genomics 20 (2015) [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] 2013b; Mount et al., 2004) . Previous shell damage-repair studies are largely single time point or short-term experiments that provide a proof of concept that damage-repair is a useful method to understand biomineralisation. Currently however, the temporal and spatial components of shell damage-repair experiments are lacking for shelled molluscs.
The present study used the Antarctic clam (Laternula elliptica) as a model to better understand when and where molecular biomineralisation events occur. L. elliptica is an important species in the Southern Ocean ecosystem, where it is one of the most abundant animals (in terms of live biomass) and plays an important role in coupling pelagic and benthic systems through nutrient cycling (Arntz et al., 1994) . As a species, L. elliptica faces major environmental challenges under future climate change. The Southern Ocean is predicted to soon become undersaturated in calcium carbonate in ocean acidification models; some model scenarios predict aragonite will be undersaturated by 2030 (McNeil and Matear, 2008) . In addition, the Western Antarctic Peninsula region is experiencing one of the fastest rates of warming on the planet (Turner et al., 2014) . A consequence of the latter, aside from the temperature rise per se, is an increase in ice calving events and iceberg scouring which can decimate sea beds and the associated infaunal communities (Cook et al., 2005) . In the face of changing conditions, L. elliptica often survive iceberg damage and exhibit considerable morphological shell plasticity in response to environmental cues (Harper et al., 2012) . L. elliptica represents a highly tractable mollusc model for studying biomineralisation processes at low temperatures (circa 0°C).
The objectives of the present study are: 1.) To better understand the timing of biomineralisation in response to damage. 2.) To identify candidate biomineralisation genes involved in response to damage. 3.) To understand the spatial location of molecular mechanisms in response to damage.
Materials and methods

Animals
Laternula elliptica specimens were collected by SCUBA divers from Hangar Cove near Rothera Research Station, Adelaide Island Antarctic Peninsula (67°34' 07" S, 68°07' 30" W) at depths of 10-15 m. Animals were immediately returned to the laboratory where they were maintained in a flow-through aquarium with temperature of 0.6 ± 0.3°C, under a 12:12 simulated natural light:dark cycle. Animals were transferred to the British Antarctic Survey aquarium facilities in Cambridge, UK. In Cambridge, all animals were habituated to aquarium conditions for at least four weeks (closed water system at water temperature and salinity of 0 ± 0.5°C and 35-38 ppt respectively, 12 h:12 h light:dark, fed algal culture weekly) prior to experimentation.
Two independent shell damage experiments were carried out to investigate both the timing of repair mechanisms and the spatial localisation of the repair response.
2.2. Experiment one: transcriptional profiling of damage response during a time series 2.2.1. Experimental design Experiment one investigated the timing of molecular biomineralisation responses and was carried out over a two month time course. Half of the animals in the experiment were damaged (n = 14, mean shell length = 27.2 mm ± 1.2 S.E.), while the other half were left undamaged (n = 14, mean shell length = 23.97 mm ± 0.56 S.E.). Damage was inflicted by drilling a hole through the shell (just inside the pallial line close to the ventral edge of the shell and so within reach of the mantle margin), using a 10.8 V Lithium-Ion Dremel cordless modelling drill (model 800, variable speed, 5,000 -35,000 rpm) fitted with a round-tipped bur to minimise any trauma to the underlying soft tissue. Samples of mantle tissue were subsequently taken at three time points: 1 week, 1 month and 2 months (n = 4-6 for each of the control and damaged treatments). Mantle tissues were dissected from each individual from directly under the drilled hole (or equivalent location in control animals), across the three mantle folds, snap frozen in liquid nitrogen and stored at −80°C prior to RNA extraction.
RNA extraction and sequencing
Total RNA was extracted from the mantle tissue of each animal on ice using Tri-Reagent (Sigma-Aldrich, UK) according to manufacturer's instructions, and purified using RNeasy columns (QIAGEN, UK). All RNA samples were analysed for concentration and quality by spectrophotometer (NanoDrop, ND-1000) and tape station analyses (Agilent 2200 TapeStation). RNA samples from 4-6 individuals were pooled for each treatment and time point to make a total of 6 libraries (1 week control and damaged; 1 month control and damaged and 2 months control and damaged). TruSeq libraries were produced and subjected to 100 bp paired-end read sequencing on an Illumina Hi-Seq 2000 by The Genome Analysis Centre (TGAC, Norwich).
Bioinformatics and statistics
A bioinformatic pipeline was developed to analyse the RNA-Seq data. The paired-end Illumina reads were assembled into a de novo transcriptome using Soapdenovo with default parameters (Luo et al., 2012) . The newly assembled experimental transcriptome was combined with the previously published L. elliptica transcriptome (Clark et al., 2010) , to produce a total of 43,356 contigs. All contigs were compared to the NCBI non-redundant (nr) database using Basic Local Alignment Search Tool (BLAST) to search for sequence similarity and putative gene annotation (Altschul et al., 1990) . The paired-end reads from each experimental treatment were mapped to the transcriptome using Maq with default parameters .
DEXUS (a Bioconductor package available for R that assumes read counts as a finite mixture of negative binomial distributions) was used with default parameters (including default normalisation) to detect differential expression between control and damaged treatments at each time point (Klambauer et al., 2013) . DEXUS uses a Bayesian approach to provide evidence of differential expression measured by the informative/noninformative (I/NI) value. The top 50 annotated, differentially expressed contigs for each time point were used for further analysis. Putative annotations were confirmed manually using Blastx against both the Uniprot human database and the NCBI nr database. In addition, seven "classic" candidate biomineralisation genes were selected using keyword searches and tracked through the DEXUS analysis.
To provide a visual qualitative assessment of the differential biological processes at each time point, STRING v9.1 program was used (Franceschini et al., 2013) . The UniProt human annotations for the top 50 annotated differentially expressed contigs were entered into the STRING program. Using the protein-protein interactive network mode in STRING, all non-interacting proteins were removed from analysis and the remaining interactions were clustered using Markov cluster algorithm (MCL).
The RNA-Seq Illumina reads from the current project have been submitted to the NCBI SRA (Sequence Read Archive), BioProject accession number: PRJNA268918. The updated assembled contig dataset, using the previously published and the current experimental L. elliptica data, is available for download from the Polar Data Centre (http://tinyurl. com/l5uvczh).
2.3. Experiment two: localisation of damage response 2.3.1. Experimental design Experiment two investigated the spatial location of molecular events and was carried out over 1 week using two treatments; damaged (method as in Section 2.2, n = 5, mean shell length = 68.2 mm ± 1.07 S.E.) and undamaged control (n = 5, mean shell length = 66.4 mm ± 3.06 S.E.). Animals in experiment two were larger/older than experiment one in order to maximise the spatial distance between the areas of the mantle sampled. After 1 week, animals were sacrificed and mantle tissues were dissected into four regions, with two samples taken from each region (Fig. 1) . Tissue samples were snap frozen in liquid nitrogen and stored at −80°C prior to RNA extraction.
Semi-quantitative PCR (semi-Q PCR)
Total RNA was extracted from each section of mantle tissue of individual animals (n = 5) and quantified as described in Section 2.2. Semi-Q PCR was carried out as per Zhou et al., 2010 with minor modifications optimising for primer specific annealing temperatures and cycle number. All samples were diluted to 30 ng μl − 1 total RNA prior to reverse transcription. Following a DNase step, cDNA was synthesized from 1 μg RNA using manufacturer's protocol (Qiagen, QuantiTect
Reverse Transcription Kit). cDNA was stored at −80°C until gene expression analysis.
A total of twelve candidate biomineralisation genes were selected to investigate the localisation of the repair response within the mantle tissue (Table 1) . Candidates comprised eight highly expressed transcripts selected from the previously published L. elliptica transcriptome (Clark et al., 2010) , including three which had no putative annotation assigned by sequence similarity searching, but which were determined to have a mantle-specific expression (Vieira, pers comm) and were present in a shell proteome analysis (Marie, pers comm.) . Four additional transcripts, which were highly up-regulated in response to damage after 1 week in experiment one, were also included. Genespecific primers were designed for each candidate using the Primer 3 software (http://frodo.wi.mit.edu/) to produce single amplicons with a size of approximately 200-400 bp, annealing temperature of 57-60°C Table 1 Candidate genes of interest selected from previous transcriptome and proteome studies, annotation and primers used in semi-Q PCR. NA = no significant match, L. elliptica 18 s = housekeeping gene for normalisation. and GC content between 55-60%. PCR amplicons were sequenced to confirm identity. cDNA was used as the template in PCR amplification for the twelve candidate genes and the L. elliptica 18 s gene was used as a positive control and reference housekeeping gene. PCR was carried out in a 43 μL reaction volume containing 0.5 μL cDNA, 23.5 μL H 2 0, 5 μL NH 4 10× buffer (Bioline, UK), 1.5 μL MgCl 2 (50 mM Bioline, UK), 5 μL deoxynucleoside triphosphates mix (Bioline, UK), 5 μL of each primer (10 mM, Invitrogen, UK) and 0.25 μL Taq polymerase (BioTAQ, Bioline, UK). Following initial denaturation at 95°C for 5 min, twenty six PCR cycles were carried out as follows: denaturation at 95°C for 15 s, primer specific annealing temperature for 20 s, and extension at 72°C for 30 s. Amplified products were analysed by electrophoresis on 1.5% agarose gel (Bioline, UK) containing GelRed™ and visualized under UV illumination (U:genus 3; Syngene, Cambridge, UK). The relative intensities of amplified PCR products were determined using Syngene GeneTools software (version 3.06) and expressed as an integrated density value (IDV). Primer efficiency was optimised across a temperature gradient and for number of PCR cycles, as well as including serial dilutions to check that semiquantification was achievable. Each round of PCR reactions included a no template control to check for contamination.
Statistical analyses
Integrated density values (IDVs) from the GeneTools analysis were manipulated into an index for gene expression, as well as normalised, by division using a housekeeping reference 18 s IDV. 18 s was confirmed as an appropriate housekeeping reference gene as there was no significant difference in IDV between samples. Gene expression data were not normal and could not be transformed to reach normality therefore, nonparametric statistical analyses were used. To test if the candidate gene was up or down regulated in response to damage, data from control and damaged treatments were compared using a Kruskal-Wallis oneway analysis of variance by ranks. To test if there was a spatial pattern in expression across the four mantle regions in response to damage, data within the control and damaged treatments were compared using a Kruskal-Wallis one-way analysis of variance by ranks. Where statistically significant differences were found (p b0.05) a non-parametric, ranked-sum, post-hoc Tukey HSD test was used to identify differences between regions. Statistical analyses for experiment two were carried out using MiniTab 15 and MATLAB.
Candidate genes were also isolated from the DEXUS analysis in experiment one to investigate their expression over time. Thus providing data on both timing and localisation for a key set of contigs, as well as linking experiment one with experiment two.
Results
Experiment one: transcriptional profiling of damage response during a time series
The previously published, and new experimental transcriptome from the current study, were combined to make a total of 43,356 contigs. 32% of contigs were assigned putative functions using BLAST sequence similarity searching (below an e-value of 1e − 10 ). Maq mapped transcripts to 42,807 (98.7%) contigs for differential gene expression analysis. DEXUS analysis revealed differential expression between control and damaged groups, which varied over the time series (Table 2) . 6046 transcripts (14.1% of total) were differentially expressed at week 1, the highest number of differentially expressed transcripts was at 1 month (7402; 17.3%) and the lowest was at the 2 month time point (2998; 7%).
At each time point, the top (annotated) differentially expressed contigs between control and damaged treatments were different (Supplementary Table 1 , 2 and 3). Qualitative analysis using STRING indicated different biological processes were important at different time points (Fig. 2) . Specifically, after 1 week, DNA repair, immune response, RNA processing, cytoskeleton and mitosis were the dominant differential processes. After 1 month, respiratory electron transport chain and cell cycle regulation were most prominent and after 2 months apoptosis, protein folding, mRNA splicing and protein regulation dominated the differentially expressed processes.
The "classic" biomineralisation genes remained generally unchanged over the time series (Table 3; Supplementary Table 4) . After 1 week, only the Insoluble matrix shell protein showed differential expression between control and damaged treatments. After 1 month, only PfN44 was differentially expressed and after 2 months, Pif and Chitin synthase were differentially expressed.
The twelve candidate genes of interest identified in experiment two were also specifically investigated in the DEXUS analysis (Table 4) . Ten out of the twelve genes showed a time-dependant expression pattern. After 1 week all genes of interest, except a Chitin-binding gene, showed differential expression between control and damaged treatments. After 1 month, six of the genes were differentially expressed and after 2 months only four on the genes were differentially expressed.
Experiment two: localisation of damage response
The response of twelve candidate genes to shell damage was investigated by comparing control and damaged treatments in experiment two (Table 5 ). Three genes were unresponsive to damage, three genes were significantly up regulated and the remaining six genes were significantly down regulated.
To test if each candidate gene showed a spatial expression pattern across the four mantle regions in response to damage, data within the control and damaged treatments were compared (Fig. 3) . In every instance the control treatment showed no significant difference in expression across the four mantle regions. In contrast, in the damaged treatment, seven genes showed a significant spatial difference in expression across the four mantle regions. Each of the seven differentially expressed genes showed the same spatial pattern; a decrease in expression towards the siphon/posterior mantle edge (tissue location 2, Fig. 1 ) and an increase in expression away from the drilled hole at the foot/ anterior edge of the mantle (tissue location 4, Fig. 1 ).
Discussion
Experiment one: transcriptional profiling of damage response during a time series
Antarctic marine ectotherms are characterised by slow rates of growth, development and metabolism (Peck et al., 2006) , therefore it was unsurprising to discover that the transcriptional response of L. elliptica to shell damage was a slow process lasting at least 2 months. In a previous pilot study using reproductively mature clams of approximately 10 years age (60 mm ± 2.85 S.E.) and damage inflicted using the same drilling technique, hole occlusion took 4 months (Clark, pers comm) . Animals in the present study were smaller (younger at approximately 4-5 years and immature) with thinner shells, and therefore were expected to repair faster. Qualitative analysis of differentially expressed transcripts over the time course showed the highest number occurred after 1 month, and the lowest after 2 months (Table 2) . When the twelve candidate transcripts (from experiment two) were highlighted in the DEXUS analysis (Table 4) , a decrease in differential expression over time was also observed. The reduction in differential expression over time is coherent with observations of shell occlusion, where the hole had occluded in 2 months in all damaged individuals (Fig. 4) . The pattern of differential expression over time was likely due to an initial immune/shock response to the damage, followed by rapid hole-filling, and then a slower response as the shell matrix above the closed hole was filled-in and strengthened. Hence, although there was a qualitative decrease in differential gene expression over time for both the overall differentially expressed transcripts (Table 2 ) and the twelve transcripts of interest (Table 4) , substantial differential expression was still present after 2 months (7% of transcripts were differentially expressed between control and damaged treatments, Table 2 ), which indicated that shell repair was likely on-going. Other studies have investigated shell repair in temperate bivalves over various, relatively short, time scales. Clark et al. (2013b) studied Crassostrea gigas 1 week after damage, Cho and Jeong (2011) also studied C. gigas with three sampling times, 7, 14 and 21 days after injury and, in one of the first documented shell damage-repair experiments, Mount et al. (2004) studied Crassostrea virginica only 48 hours after injury. Clark et al. (2013b) observed shell occlusion in all animals after 7 days. Cho and Jeong (2011) also observed occlusion (as a white semi-transparent membrane) which was visible between 24 hours and 4 days after damage. Mount et al. (2004) observed haemocyte mediated hole-filling after 48 hours. The shell repair of other mollusc groups has also been investigated. In a longer-term time scale, Fleury et al. (2008) damaged Haliotis tuberculata shells and studied mantle histology 7, 14, 30 and 60 days after injury. Fleury and colleagues conclude the hole was occluded by a brownish organic lamella, which resembled a periostracal layer, after 1 day. In the present study, however, only half the damaged animals showed partial occlusion after 1 week and it took 1 month before all animals sealed the hole (Fig. 4) . As the present study used three time points spread over 2 months, data on the exact time and rate of occlusion were unattainable, but the occlusion process took a minimum of twice as long in the Antarctic clam compared to temperate molluscs.
Similar to the present study, Husmann et al. (2014) investigated transcriptional responses to shell damage in L. elliptica by collecting siphon and haemocyte samples 2 and 21 days post-injury. Shell damage was inflicted using a wrench and was a blunt, crushing motion. Husmann and colleagues did not report transcriptional differences between control and damaged groups over time, but instead their main findings were regarding effects of age and starvation on the ability for animals to repair. The present study however, demonstrates that 21 days is perhaps an insufficient time period to study Antarctic shell repair. Transcriptional responses to damage have also been studied in non-mollusc species. In a microarray experiment investigating scale regeneration (a type of biomineralisation) in sea bream, Vieira et al. (2011) found 769 differentially expressed genes after 3 days but only 21 differentially expressed after 7 days. Taken together with the results of the present study, damage-repair experiments emphasise the importance of timing in biomineralisation studies.
Qualitative analysis of the differential genes expressed between control and damaged treatments highlights the different biological processes that are likely to be important at different time scales (Fig. 2) . The qualitative STRING analysis provides a visual tool to consider processes which are important at different stages of the damage-repair process. It does however, have some limitations. Firstly, the annotations used have to be from the human Uniprot database, therefore mollusc specific proteins, such as shell biomineralisation proteins will not be identified. Secondly, only proteins which interact are included in analysis; it is possible that key processes are only represented by a single, noninteracting hit in the top 50 annotated differentially expressed contigs. To supplement the STRING analyses Blastx against the entire NCBI nr database (Supplementary Table 1 , 2 and 3) was also carried out. Although many of the annotations were conserved using both methods, some notable differences were identified.
1 week after damage
In the immediate short-term after damage (1 week) STRING analysis highlighted differences between control and damaged treatments in typical stress responses such as: immune system activation, signalling, cytoskeleton processes and DNA repair (Tomanek, 2011) . The immune response was unsurprising as the external barrier of the animals was breached, allowing ingress of pathogens and potential infection. It is likely the primary response was to combat disease and seal the hole. The cytoskeleton has a role not only in morphological restructuring (such as cell proliferation) and intracellular protein transport, but also in the stress response (Wang et al., 2009) .
At the 1 week time point, the full NCBI nr annotation of differentially expressed transcripts highlighted additional transcripts of interest which were unresolved in the STRING analysis (Supplementary Table 1 ). Notably two transcripts that were likely to represent the activation of biomineralisation processes to occlude the hole: Calmodulin and Fibulin-2. Yan et al., 2007 demonstrated that Calmodulin and Calmodulin-like proteins modify the morphology of calcite and aragonite crystals in vitro. Calmodulin proteins have also been localised in the extracellular matrix of both prismatic and nacreous shell layers. Fibulins are a diverse family of extracellular matrix proteins, and Fibulin-2 specifically contributes to elasticity of matrices (Timpl et al., 2003) . Fibulins, so far, are uncharacterised in terms of any potential role in mollusc biomineralisation. Arany et al., 2009 however, show that Fibulin is involved in the biomineralisation of mouse odontoblast cells. Only one candidate "classic" biomineralisation gene (Insoluble shell matix protein) was differentially expressed after 1 week ( Table 3 ), highlighting that the "classic" genes are not an exclusive set of molecules involved in biomineralisation, but are rather likely to be part of a more complex pathway or network.
1 month after damage
One month after damage, STRING analysis detected a major difference in respiratory electron transport chain processes between damaged and control treatments (Fig. 2) . Biomineralisation, and specifically the production of extracellular matrix proteins, is costly (Day et al., 2000; Palmer, 1983) . The difference in respiration between treatments is likely due to the energetic requirements for shell repair (and possible tissue repair). Other differentially expressed processes included: mRNA catabolism, cell cycle/apoptosis regulation and cellular Table 3 The differential expression status between control and damaged treatments of "classic" biomineralisation genes at each time point according to DEXUS analysis of transcriptomic data (experiment one). Contig ID of Pif different to Table 4 The differential expression status (between control and damaged treatments) of twelve candidate genes of interest, over time, according to DEXUS analysis of transcriptomic data (experiment one). Genes highlighted in bold failed to show time-dependant expression patterns. detoxification. The differences observed in mRNA catabolism and cell cycle/apoptosis regulation could represent the re-configuring of cellular processes, from stress response to energy production required for repair. The differences in cellular detoxification between treatments could be linked to oxidative stress. Damaged animals were likely to be experiencing oxidative stress for two reasons: increased aerobic respiration and the macrophages oxidative burst during immune response. STRING identified changes in the cytochrome P450 system, which is known to be involved in mediating oxidative stress (Lingappan et al., 2014) . In addition, the full NCBI nr annotation of the differentially expressed transcripts (Supplementary Table 2) included Thioredoxin, which is involved in cellular redox homeostasis (Jones and Go, 2010) .
At the 1 month time point, STRING analysis and the full NCBI nr annotations failed to highlight a biomineralisation signal ( Fig. 2 ; Table 3; Supplementary Table 2 ). Only one candidate "classic" biomineralisation gene (PfN44) was differentially expressed. At this time point all the damaged shells had occluded and the initial stress of a breach to the external barrier was resolved. It is possible that biomineralisation to fill in the hole (mineralise the occluded layer) had not started, and instead animals were reallocating cellular energy before biomineralisation could commence.
2 months after damage
After 2 months, the STRING analysis revealed differences in protein transport and turn-over, protein folding, mRNA splicing and cell cycle/apoptosis regulation (Fig. 2) . Protein turn-over indicated that the mantle tissue was metabolically active, with increased cell turnover potentially due to tissue remodelling in response to the damage.
Although the STRING analysis was unable to detect a biomineralisation signal at 2 months, the full NCBI nr annotation of the differentially expressed transcripts (Supplementary Table 3) highlighted four genes potentially involved in the production of the proteinaceaous extracellular matrix component of the shell: Collagen (Benson et al., 1986) , Calmodulin (Fang et al., 2008) , Fibrinogen (Fang et al., 2011) and Low-density lipoprotein receptor (Leupin et al., 2011) . In addition, two candidate "classic" biomineralisation transcripts (Pif and Chitin synthase) were differentially expressed (Table 3 ). The differential expression of biomineralisation transcripts between control and damaged treatments strongly supported the hypothesis that shell repair processes were on-going after 2 months.
Experiment two: localisation of damage response
Presented here is the first investigation into the spatial molecular response of molluscs to shell damage in mantle tissue. Genes differed in response to shell damage on a spatial scale and surprisingly, there was no peak in expression directly below the drilled hole (Fig. 3) . A consistent spatial expression pattern emerged for seven of the twelve genes investigated; a decrease in expression towards the siphon/posterior mantle edge and an increase in expression away from the drilled hole at the foot/anterior edge of the mantle. Currently, the reason for the observed spatial pattern can only be speculated. Mantle tissue can be functionally divided into at least three zones responsible for secreting nacre, prisms or periostracum (Fang et al., 2011; Gardner et al., 2011; Jolly et al., 2004; Sato et al., 2013; Suzuki et al., 2004) ; the expression of certain genes in each zone may be preprogrammed despite the influence of injury. Or, the expression pattern may be linked to the close proximity of the foot which protrudes outside the mantle when in use. One hypothesis could be that the anterior region of the mantle edge is more sensitive to damage and therefore has a higher induced response than other regions. The anterior region of the shell is the leading edge which buries into sediment and is where the foot protrudes. The movement of the foot in and out of the pallial space, coupled with burying into the sediment, could make anterior region of the shell more susceptible to damage and therefore more sensitive.
Three candidate genes were up regulated in response to shell damage (contig 01359 -Tyrosinase B, contig 01785 -Mytilin and contig 2930 -unknown; Table 5 ). Two of the up regulated genes, Mytilin and an unknown gene, showed no spatial pattern and were ubiquitously increased across the mantle edge. Mytilin is an anti microbial peptide isolated from a marine mussel which is synthesised in, and transported by, haemocytes (Mitta et al., 2000) . Mitta et al., 2000 found no expression of Mytilin in the mantle tissue of Mytilus galloprovincialis. It is likely the up regulation and ubiquitous expression of Mytilin detected in the present study was due to an infiltration of haemocytes into the mantle tissue as part of the immune response to injury. The spatial expression pattern shows that the Mytilin immune response is unspecific to the injury site. On the other hand, Tyrosinase B -contig 01359, was up regulated with a specific spatial pattern in relation to the injury site. Tyrosinase is involved in cross-linking of the periostracum, forming an insoluble outer layer protecting the shell; it is also involved in the pigmentation and formation of prismatic shell layers (Waite et al., 1979; Zhang et al., 2006) . Tyrosinase is therefore a structural matrix protein which plays a role in both repair and normal shell growth. Several mollusc species have multiple paralogues of the Tyrosinase gene and it is thought different copies have evolved different functional roles due to sub-functionalisation of the duplicated genes, allowing persistence of both copies (Force et al., 1999) . L. elliptica have two copies of Tyrosinase (A & B) with only one of these expressed in response to shell damage (Aguilera et al., 2014; Clark et al., 2010; Huning et al., 2013; Luna-Acosta et al., 2011) . Similar to the present study, Huning et al. (2013) found only one of the two Mytilus edulis Tyrosinase paralogues was responsive to shell damage.
Three candidate genes were unresponsive to damage (contig 02037 -Astacin-like, contig 01331 -Shell matrix protein and contig 183937 -Chitinase; Table 5 ). Chitinase expression was not detected in the control or damaged treatment at any mantle region (Fig. 3I) . The negative Chitinase result could infer that Chitinase is uninvolved in shell repair after 1 week; however, in experiment one, at 1 week in the time-series, Chitinase showed significant up regulation and hence was selected for further localisation in experiment two (Table 4 ). The function of Chitinase and Chitinase-like proteins have been investigated in arthropods with chitinous exoskeletons; they are typically involved in moult-cycles, wound healing and tissue repair (Bonneh-Barkay et al., 2010; Chen et al., 2004) . Previous work showed Chitinase expression is up regulated in response to injury after 21 days in young, but not old, L. elliptica (Husmann et al., 2014) , as well as in the oyster Crassostrea gigas (Badariotti et al., 2007) . Clark et al., 2013a also found age to be a significant factor when investigating responses to hypoxia in L. elliptica. It is possible the present study found differential expression of certain genes, such as Chitinase, in experiment one, but not two, because the size and age of the animals were different in the two experiments. The genes coding for an Astacin-like and Shell matrix protein were neither up nor down regulated in response to damage, however both showed a significant spatial expression pattern in the damaged treatment, which was absent in the controls (Fig. 3A & D) . Despite the lack of up or down regulation, the presence of a spatial pattern in the damaged but not control treatment represents the likely reconfiguration of molecular events across the mantle.
Six candidate genes were down regulated in response to damage (contig 1586 -Tyrosine, contig 3459 -unknown, contig 00332 -Pif, contig 01043 -unknown, contig 00041 -Chitin-binding peritrophin and contig 01663 -Tyrosinase A; Table 5 ). Two of the down regulated genes, Tyrosine and an unknown gene, showed no spatial pattern and were ubiquitously decreased across the mantle edge. The remaining four genes -Pif, Chitin-binding peritrophin, an unknown gene and Tyrosinase A -were down regulated with a specific spatial pattern in relation to the damage site. Similar to the results discussed above, the spatial patterns observed are likely to represent the movement of cellular processes and functional zonation in the mantle.
Conclusions and recommendations
In experiment one, the transcriptional profiling of damage response over time in the Antarctic clam Laternula elliptica, shell repair was revealed to be a slow process lasting at least 2 months. Results highlighted different biological processes were important at different time scales during repair, thus enabling more targeted analyses in the future. For example, more sampling time points around the immediate shortterm (e.g. 1-7 days) would provide a better understanding of the interaction between the immune, stress and biomineralisation response. In addition, around 1 month after damage there appears to be a switch from energy production to biomineralisation, which is a critical step. Longer experiments are also needed to fully characterise the biomineralisation component of the shell repair. As the time-scale of shell repair is unknown for most species, preliminary studies such as the one detailed here, provide a cost-effective approach to discover the most important molecular time-scales for the species being investigated. Knowledge on time-scales maximises sampling efficiency, as well as minimising sequencing costs; a particularly important factor for slow growing animals with enhanced longevity, such as those inhabiting the Southern Ocean, where biological processes are slow and age is a significant factor in response timings.
Although some biomineralisation signal was detected in the transcriptional profiling experiment, the signal was not dominant over other biological processes and the "classical" biomineralisation candidate genes were largely unchanged overtime. In order to better characterise and understand the molluscan biomineralisation pathway, the regulation of genes with the same expression pattern as "classic" biomineralisation genes should be investigated. Methods such as gene-network and co-regulation analysis could lead to the identification of novel genes and a better understanding on how biomineralisation genes interact forming a coherent pathway.
Experiment two highlighted the spatial localisation of repair mechanisms, different genes showed different spatial patterns in relation to a single drilled hole. The spatial pattern revealed is important for all future damage-repair experiments as the location and number of holes, in relation to where the underlying tissue is sampled from, could bias transcriptomic results. Future work investigating damage-repair mechanisms should drill several holes around the edge of the shell in order to stimulate expression across the entire mantle edge and maximise the tissue samples that can be taken for analysis, knowing that expression is homogeneous across all samples.
The present pilot experiment generated valuable data on the temporal and spatial response of shell damage-repair and therefore provides a baseline not only for future studies in L. elliptica, but also other molluscs.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.margen.2015.01.009.
